Rehabilitation devices help to recover the physical abilities of patients. This study aims to develop a portable rehabilitation device that is safe to use when patients are holding it by hands. In a previous study, to realize a home rehabilitation device, a flexible spherical actuator that can provide motion to patients was developed. In this study, to measure the relative position between both handling stages, a 3D coordinate measuring device using three wire-type linear potentiometers and an embedded controller was proposed and tested. In this paper, the spherical actuator with built-in 3D coordinate measuring device is described. The measuring method and experimental results obtained are also presented. The tracking position control of the actuator using the measuring device was carried out. As a result, the position of the handling stages can be successfully controlled using the feedback signal from the tested measuring device.
Introduction
In an aging society, a system to aid in nursing care [1] and to support activities of daily life for the elderly and the disabled is required [2] [3] . Rehabilitation devices help to recover the physical abilities of patients in order to maintain their Quality of Life. The actuators used in such a system need to be flexible to prevent injury to the human body [4] . This study aims to develop a portable rehabilitation device that is safe to use when patients are holding it by human hands. In particular, for patients to use the device at home by themselves, the device must be able to be used without special knowledge and must be easily available at a low cost. In our previous study, a flexible pneumatic cylinder that can be used even if the cylinder is deformed by external forces was proposed and tested [5] . We also developed a spherical actuator using flexible pneumatic cylinders. This actuator can be used on a table as a rehabilitation device for the human wrist and arm [6] [7] . In other research work, Krebs, Takaiwa, and Noritsugu developed wrist rehabilitation devices [8] [9] [10] . A tested wrist rehabilitation device using a pneumatic parallel manipulator was successfully developed [9] . The device could realize human-friendliness by using a control scheme based on a disturbance observer. In our recent research, a portable rehabilitation device using the flexible spherical actuator that consists of two flexible pneumatic cylinders was proposed and tested. Compared with the wrist rehabilitation device [9] , our device has an advantage in that it has an essential flexibility. In addition, the patients do not feel fear because they hold the device with their hands instead of wearing it. The portable rehabilitation device can also be produced at low cost. In addition, to realize an inexpensive home rehabilitation device, the flexible spherical actuator can provide motions to patients by using a sequential control scheme. However, in order to maintain safety, the device needs to have a monitoring function of relative position between both handling stages to prevent to crash each other. Moreover, the relative position is used as a feedback signal for the attitude control of the device. In this study, to measure the relative position between both handling stages in order to maintain the safety and attitude control of the device, a 3D coordinate measuring device using three wire-type linear potentiometers and an embedded controller was proposed and tested [11] . In this paper, a spherical actuator with a built-in 3D coordinate measuring device is described. The measuring method and experimental results using the device are also described. Figure 1 shows the construction of a low-friction flexible pneumatic cylinder developed in a previous study [12] . The cylinder consists of a flexible tube as a cylinder and gasket, one steel ball as a cylinder head, and a slide stage with 12 steel balls that are set on the inner bore of the stage to press and deform the tube. The operating principle is as follows. When a supply pressure is applied to one side of the cylinder, the inner steel ball is pushed. At the same time, the steel ball pushes the slide stage, and the stage moves toward the opposite side of the pressurized side while deforming the tube. The frictional force of the cylinder is relatively large compared with that of a typical rigid pneumatic cylinder. The minimum driving pressure of the cylinder is 94 kPa. This value is smaller than the case using the previous flexible pneumatic cylinder, that is, 120 kPa [5] . Figure 2 shows the appearance of the tested spherical actuator using two ring-shaped flexible pneumatic cylinders. In this case, the previous type of flexible pneumatic cylinder was used. The two cylinders intersect at right angles, and each slide stage is fixed on each handling stage. The actuator can provide passive exercise for the user's shoulders and arms while the user holds both handling Journal of Flow Control, Measurement & Visualization stages with his or her hands. The actuator can also provide movement to the upper limb. However, to realize the desired motion, it is necessary to measure the relative coordinates between both stages. Figure 3 shows a transient view of the spherical actuator. The supply pressure is 450 kPa. From Figure 3 , it can be seen that the actuator can create different attitudes easily. In addition, with regard to the movement of both arms, we found that the actuator provided motion for not only the wrist but also the arms. Generally, a passive exercise such as the proposed motion is useful in recovering the moving areas of joints and the functions of nerves and muscles. However, as patients must use the device alone, it is better to observe a relative position between both handing stages in order to prevent to occur a crash accident of the patient's hands.
Flexible Spherical Actuator

Low-Cost Wire-Type Linear Potentiometer
In order to measure the displacement of the flexible pneumatic cylinder directly, a low-cost wire-type linear potentiometer was proposed and developed in our previous study [13] . A wire-type liner encoder on the market is well known as a displacement sensor with a long stroke measurement. However, the cost of the encoder is very expensive, approximately 500 US dollars. The measuring resolution of the encoder is too high to apply a position control of the flexible pneumatic cylinder, which is required at a resolution of less than 1 mm. In addition, in order to obtain the displacement from the encoder output, a high-spec built-in embedded controller with faster processing speed is required for processing high-frequency pulse signals from the encoder. Therefore, a low-cost wire-type linear potentiometer whose output analogue signal is easily processed by a tiny embedded controller through an A/D converter was developed. Figure  4 shows the construction of the low-cost wire-type linear potentiometer. The tested potentiometer consists of a helical potentiometer (BOURNS Co. Ltd., 3590S-A26-104L) that can measure 10 times the rotational angle, a clockwork wire spool with a diameter of 22 mm, and a flexible stainless-steel wire with a diameter of 0.4 mm. Both shafts of the potentiometer and the wire spool are connected to each other. From the rotational angle of the helical potentiometer and the diameter of the wire spool, a maximum length for measurement of about 0.7 m can be expected. The resolution of the potentiometer using a 10-bit A/D converter is about 0.74 mm. The cost of the linear potentiometer except for the stainless steel wire is inexpensive at about 8 US dollars. In the previous study, a flexible pneumatic cylinder with built-in wire-type linear potentiometer, wherein the cylinder head was connected to the wire of the tested potentiometer through a special sealing mechanism, was developed [13] . This is shown in Figure 5 . Figure 6 shows the transient response of the displacement of the tested cylinder. In Figure 6 , the dashed blue line and solid red line indicate the desired and controlled displacements of the tested cylinder, respectively. The sampling period of position control is 1 ms. From Figure 6 , it can be confirmed that the position of the cylinder can be controlled by using the tested sensor. However, the relative coordinates between both stages cannot be measured by using the displacement sensor of the flexible pneumatic cylinder because of the lower stiffness of the spherical actuator.
As mentioned above, the displacement of the cylinder was successfully measured. However, in order to apply the spherical actuator to rehabilitation devices, it is required to measure not only the displacement of the flexible pneumatic cylinder but also the relative coordinates between both handling stages because of the flexibility of the spherical actuator. Therefore, a low-cost 3D coordinate measuring device that can be applied to rehabilitation devices was proposed and tested [11] . 
Three-Dimensional Coordinate Measuring Device
( )
Equations (4) to (6) are derived from Equations (1) to (3).
From Equations (4) In order to realize a low-cost 3D measuring system, the wire-type linear potentiometer is useful because the estimated cost of its parts is less than 10 US
dollars. However, the tested linear potentiometer has a slight problem in that the 
Spherical Actuator with Built-in 3D Coordinate Measuring Device
In order to install the 3D coordinate measuring device in the spherical actuator, the size of the device is very important. Therefore, a built-in 3D coordinate
measuring device is proposed and tested. Figure 12 (a) and Figure 12 (b) show the entire spherical actuator and the built-in 3D coordinate measuring device, respectively. As shown in Figure 12 iation from the desired position can be calculated. As a control scheme, the following simple proportional control scheme was used:
22.5 Figure 15 shows the attitude of the actuator for each desired position in Figure 14 . In this case, the same desired coordinate was given for both the x and y directions. From Figure 14 , it can be seen that the position of the cylinder can be controlled by using the feedback signal from the 3D coordinate measuring device. However, we observe a non-negligible error between the desired and measured position. The positioning accuracy of the device will be improved by using a control scheme that compensates for the frictional force and time delay of the actuator. 
Conclusion
In order to prevent the crash accident of patient's hands, a 3D coordinate measuring device that can obtain the relative coordinates between two stages in a flexible spherical actuator was proposed and tested. The measuring device consists of three wire-type linear potentiometers and an embedded controller. To confirm the validity of the device, preliminary measurements using the theoretical model were carried out. As a result, it was confirmed that the tested device could measure the coordinates between both handling stages within an error of 5 mm. A spherical actuator with a built-in 3D coordinate measuring device was also constructed. The tracking position control of the actuator using the measuring device was carried out. We confirmed that the position of the cylinder can be controlled by using the feedback signal from the tested device. In our future work, we will focus on improving the positioning accuracy by applying a control scheme while compensating the frictional force and time delay of the actuator.
